T he CD8
ϩ T lymphocytes play a central role in the defense against most viral infections. Via their TCR, they recognize foreign peptides bound to the MHC class I molecules. CD8
ϩ T cell responses to foreign proteins are generally focused on a few or sometimes only a single immunogenic epitope (1) (2) (3) (4) (5) , although CD8 ϩ T cells specific for several subdominant epitopes often exist. These subdominant responses are under normal circumstances suppressed by the response to the dominant epitope(s), but may become highly relevant in the absence or silencing of the dominant response (6 -9) . The fact that the CD8 ϩ T cell response is normally quite focused has been exploited in the design of vaccines, in which only immunodominant parts of a given pathogen are used for immunization. Such vaccines have consisted of either synthetic peptides administered together with adjuvant or plasmid DNA (DNA vaccination). The latter offers several advantages, including simplicity, de novo synthesis of endogenous protein in the host, and adjuvancity due to CpG motifs contained in the vector (10) . DNA as well as peptide vaccines that prime CD8 ϩ T cells specific for a single immunodominant epitope have been developed. Such single-epitope vaccines have to date primarily been evaluated in a rather simple context, with a focus on their ability to protect against primary infection. However, some risks may be associated with single-epitope vaccines due to the narrow immune response they induce. This includes selection of viral escape variants and/or increased susceptibility to reinfection with viral variants (11) . A special characteristic of viruses, especially those belonging to the RNA subgroup, is their ability to mutate. As a consequence of that, natural variants, including immune escape variants, are easily generated (12) . Viral escape from CD8 ϩ T cell-mediated control has been observed for many viruses, including influenza and HIV (13) (14) (15) (16) . Inducing a monospecific immune response by single-epitope vaccination might decrease the selection pressure against these variants during subsequent infection. This would be particularly relevant during chronic viral infection, because the virus remains in the host for a longer period and thus has more time to mutate. It has been observed in several animal models that an initial monospecific, CD8 ϩ T cell response increases the chance for selection of viral CD8 ϩ T cell escape variants upon infection. Examples are vaccinated macaques infected with SIV (17, 18) , TCR transgenic mice infected with influenza virus, and vaccinated mice as well as TCR transgenic mice infected with lymphocytic choriomeningitis virus (LCMV) 4 (19 -21) . A monospecific, CD8
ϩ T cell response not only might select for viral variants in the individual host, but additionally increases the likelihood of such variants persisting and circulating in the host population. It is obvious that single-epitope vaccination does not protect against a primary infection with a viral variant mutated in the critical epitope. However, single-epitope-vaccinated individuals infected with a wild-type virus might subsequently be more susceptible to viral variants than unvaccinated, wild-type virus-infected individuals due to a more narrow memory response induced during wild-type infection. Thus, priming for a monospecific, CD8 ϩ T cell response might influence the immunodominance hierarchy normally established during primary infection, and suppression of CD8 ϩ T cells specific for other immunogenic epitopes of the virus is likely to be observed. If such individuals are later exposed to a virus variant mutated in the epitope used for vaccination, their ability to resist reinfection would be impaired relative to that of unvaccinated individuals. This is a highly undesirable effect for a vaccine, and it is therefore important to avoid such a situation. Previous studies have shown that prior immunization targeted to one immunodominant epitope can skew the immunodominance hierarchy upon subsequent viral infection (22, 23) . However, it is not known whether such altered immune responses in effect increase the susceptibility to a secondary infection with viral variants.
The present study was undertaken to investigate the reality of these potential risks associated with single-epitope vaccination, with focus on the possible impact on selection of viral variants as well as the susceptibility to challenge with such variants.
As model system, the murine LCMV infection was used. LCMV is a natural mouse pathogen, and like many other RNA viruses, it easily mutates (20, 24) . Depending on the strain and the infectious dose used, LCMV can cause either acute transient infection with establishment of solid memory CD8 ϩ T cell responses (25, 26) or persistent/chronic infection with deletion or transient anergy of relevant CD8 ϩ T cells (27, 28) .
Monospecific, CD8
ϩ memory T cells were induced by use of DNA vaccines encoding an immunodominant MHC class I-restricted LCMV epitope covalently linked to human ␤ 2 -microglobulin (h␤ 2 m). Such constructs have previously been shown to efficiently induce long-lived antiviral CD8 ϩ T cell responses that protect against acute systemic LCMV infection (29) .
Materials and Methods

Mice
C57BL/6 mice and BALB/cJ mice were obtained from Taconic M&B (Ry, Denmark). Seven-to 10-wk-old female mice were used in all experiments, and animals were always allowed to acclimatize to the local environment for at least 1 wk before use. All animals were housed under specific pathogen-free conditions, as validated by screening of sentinels, and the experiments were conducted in compliance with national guidelines.
DNA vaccine construction
The gp33, nucleoprotein 396 (NP396), and NP118 vaccine are the eukaryotic expression vectors pcDNA3.1/zeo ϩ (Invitrogen, Groningen, The Netherlands) containing the murine ␤ 2 m leader, followed by either the gp33-41, the NP396 -404, or the NP118 -126 LCMV peptide epitope tethered to h␤ 2 m through a 10-aa linker ((G 3 S) 2 GG; Fig. 1 ). The constructs were generated using as template a similar construct, murine ␤ 2 m leader-OVA 258 -265-10-aa linker-h␤ 2 m inserted as a NheI/NotI fragment in pcDNA3.1/ zeo ϩ . The OVA 258 -265 peptide sequence was exchanged for either the gp33-41, NP396 -404, or NP118 -126 sequence using PCR. A PCR product covering the last 28 bases of the leader containing a HindIII site, the peptide, linker, and h␤ 2 m was generated using as forward primer: for gp33, GCAGCCAAGCTTGACCGGCTTGTATGCTAAGGCCGTGTACAACT TCGCCACCTGCGGTG GTGGTAGTGGGGGA; for NP396, GCAGCC AAGCTTGACCGGCTTGTATGCTTTCCAGCCTCAGAACGGCCAGT TCATCGGTGGTGGTAGTGG GGGA; and for NP118, GCAGCCAA GCTTGACCGGCTTGTATGCTAGGCCCCAGGCTTCAGGGGTATAT ATGGGTGGTGGTAGTGGGGGA.Asbackwardprimer,GCAGCCGCGG CCGCTTACATGTCTCGATCCCACTTA (containing a NotI site) was used for all constructs. PCR products, containing some of the vector, the leader sequence, the peptide sequence, and the linkage to h␤ 2 m terminated by a stop codon were subsequently cloned as a HindIII/NotI fragment into the template vector.
The Escherichia coli strain XL1-blue (Stratagene, La Jolla, CA) was transformed with the constructs by electroporation. DNA sequencing using cycle sequencing, Big Dye Terminator, and ABI310 genetic analyzer (ABI PRISM; Applied Biosystems, Foster City, CA) identified positive clones. Primers were obtained from Hobolth DNA Syntese (Hilleroed, Denmark). Large-scale DNA preparations were produced using Maxi Prep (Qiagen, Valencia, CA).
Gene gun immunization
DNA was coated onto 1.6-nm gold particles in a concentration of 2 g of DNA/mg gold, and the DNA/gold complex was coated onto plastic tubes such that 0.5 mg of gold was delivered per shot (1 g of DNA/shot). These procedures were performed according to the manufacturer's instruction (Bio-Rad, Hercules, CA). Mice were immunized on the abdominal skin using a handheld gene gun device using compressed helium (400 psi) as the particle motive force. Mice were inoculated twice with an interval of 4 wk and then allowed to rest for 3 wk before additional challenge.
Virus
For chronic infection, the vicerotropic LCMV Armstrong strain clone 13 (LCMV clone 13) was used (30, 31 (32, 33) . The viral variants were derived from LCMV Arm; gp33-nil contains a single mutation in aa 38 (F3 L), and NP396-nil contains a single mutation in aa 403 (F3 L). These mutations result in escape from CD8 ϩ T cell recognition (33) . Mice to be challenged were given 200 PFU in an intracerebral (i.c.) injection of 0.03 ml.
Virus titration
To determine organ virus titers, the organs were first gently homogenized in PBS containing 1% FCS to yield a 10% (v/w) organ suspension. Organ suspensions were clarified by centrifugation, and serial 10-fold dilutions of the supernatants were prepared in PBS with 1% FCS; 0.2 ml of each dilution was then transferred in duplicate to flat-bottom, 24-well plates, and MC57G cells in MEM were added. Plates were incubated for 4 -6 h at 37°C in 5% CO 2 to allow cells to adhere. Subsequently, 0.3 ml of a 1/1 mixture of 2% methylcellulose in double-distilled water and doublestrength MEM with 10% FCS, antibiotics, and glutamine was added. After 48 h, cell monolayers were fixed with 4% formaldehyde in PBS for 20 -30 min at 20°C and permeabilized in 0.5% Triton X-100 in HBSS for 20 min. The next day, monolayers were labeled with a rat anti-LCMV mAb (VL-4) for 60 -90 min, intensively washed, incubated with peroxidase-labeled goat anti-rat Ab for 60 -90 min, and washed again. O-phenylendiamine (substrate) was added for10 -30 min, and the reaction was subsequently terminated by washing with water. The numbers of PFU were counted, and organ virus titers were expressed as PFU per gram of tissue (34) .
LCMV-induced meningitis studies
Mortality was used to evaluate the clinical severity of i.c. infection with LCMV variants. Mice were checked twice daily for a period of 14 days or until 100% mortality was reached. After that period, spleens and brains were removed from surviving mice and analyzed for CD8 ϩ T cell responses or viral titers, respectively. steel mesh. The cells were washed twice with HBSS, and the cell concentration was adjusted in RPMI 1640 containing 10% FCS supplemented with 2-ME, L-glutamine, and penicillin-streptomycin solution.
mAb for flow cytometry
The following mAbs were all purchased from BD Pharmingen (San Diego, CA) as rat anti-mouse Abs: FITC-conjugated anti-CD49d (common ␣-chain of LPAM-1 and VLA-4), CyChrome or PerCP-conjugated antiCD8a (Ly2), PE-or FITC-conjugated anti IFN-␥, and PE-conjugated anti-TNF-␣.
Flow cytometric analysis
For visualization of LCMV-specific (IFN-␥-producing) CD8 ϩ T cells, 2 ϫ (6); cells cultured without peptide served as background controls. After incubation, cells were surfacestained, washed, permeabilized, and stained with IFN-␥-specific mAb as described previously (39, 40) . In some experiments, cells were costained for IFN-␥ and TNF-␣ intracellularly. The frequency of IFN-␥ ϩ CD8 ϩ T cells in unstimulated cultures was Ͻ0.3%.
Cells were analyzed using a FACSCalibur (BD Biosciences, San Jose, CA), and at least 10 4 cells were gated using a combination of low angle and side scatter to exclude dead cells and debris. Data analysis was conducted using CellQuest software (BD Biosciences).
Statistical analysis
Because there was no evidence that our data were normally distributed, the nonparametric Mann-Whitney U rank-sum test was used to perform comparisons between groups. A value of p Ͻ 0.05 was considered statistically significant.
Results
Single-epitope DNA vaccination protects against chronic infection in H-2 b mice
The protective capacity of a monospecific, CD8 ϩ T cell memory response induced by DNA vaccination was first investigated in H-2 b (C57BL/6) mice. Constructs encoding either of the two H-2 brestricted immunodominant LCMV epitopes, gp33-41 and NP396 -404 (35, 36) , was used (gp33 vaccine and NP396 vaccine, respectively; Fig. 1 ). Mice were immunized twice, 4 wk apart, and then allowed to rest for 3 wk. Mice similarly immunized with empty vector and/or left untreated (unvaccinated mice) served as controls; in no case where both groups of controls were analyzed in parallel did we observe any differences between vector-vaccinated and unvaccinated mice. All mice were infected with 10 6 PFU of the rapidly replicating LCMV clone 13, and virus titers in spleen and lungs were followed for a period of 3 mo. As shown in Fig. 2 , virus persisted for Ͼ20 days in control mice, and in some cases virus was still detectable 2-3 mo after infection. In contrast, DNAvaccinated mice completely controlled the infection within 10 -20 days, and no reemergence of virus was detected for up to 3 mo postinfection (p.i.), indicating that selection for escape mutants does not constitute a relevant problem.
Single-epitope DNA-vaccinated H-2 b mice are rescued from CD8 ϩ T cell failure during high dose infection with LCMV clone 13
The protection pattern shown in Fig. 2 primarily reflects CD8 ϩ T cell-mediated virus control (30) . Consequently, to understand the underlying mechanism, the CD8 ϩ T cell effector response in single-epitope-vaccinated and control mice was analyzed by intracellular cytokine staining for IFN-␥ in the early (days 10 and 20 p.i.) as well as in the late (2-3 mo p.i.) phase of infection. To evaluate the breadth of the antiviral CD8 ϩ T cell response, the responses to both immunodominant and one subdominant epitope (gp276 -286) were analyzed; together these populations make up the majority of LCMV-specific, CD8 ϩ T cells in H-2 b mice (35, 36) . Infection of naive mice with high doses of rapidly replicating virus, such as LCMV clone 13, normally results in chronic infection due to failure of the immune response (28, 30, 31) . At the CD8 ϩ T cell level, this is characterized by either deletion of relevant cells or transient loss of effector function (28) .
Compared with control mice, single-epitope DNA-vaccinated mice generated substantially more LCMV-specific, CD8
ϩ T cells in the early phase of the infection (Fig. 3) . As expected, most of the LCMV-specific cells in these mice were directed toward the vaccine epitope. However, a tendency toward increased frequencies of cells specific for the other immunodominant as well as the subdominant gp276 -286 epitope was also observed; this was most clearly seen in NP396-vaccinated mice and primarily in the early phase of infection. Moreover, the absolute number of CD8 ϩ T cells was 4 -5 times higher in single-epitope-vaccinated mice compared with control mice (not shown). Two or 3 mo after infection, LCMV-specific, IFN-␥-producing cells had decreased in singleepitope-vaccinated mice, whereas a distinct population of gp33-41-and gp276 -286-specific cells had re-emerged in control mice (correlating with virus control in these mice; Fig. 2 ). Consequently, the quantitative differences between single-epitope-vaccinated mice and control mice regarding the T cell response toward nonimmunizing epitopes were less striking at this time point. However, although the frequencies of CD8 ϩ T cells specific for these other epitopes were not always significantly increased in singleepitope-vaccinated mice compared with controls, there was a clear difference in the quality of the cells. Thus, in the early phase of infection, all LCMV-specific cells in control mice were impaired in their capacity to produce IFN-␥, as evidenced by relatively low mean fluorescence intensities (Fig. 4, A and B) . In contrast, in DNA-vaccinated mice, not only cells specific for the vaccine epitope, but also cells specific for the other epitopes, produced high amounts of IFN-␥.
In the late phase of infection, similar qualitative differences were observed between single-epitope-vaccinated mice and controls (Fig. 4, C and D) . Even though gp33-41-specific, CD8 ϩ T cells in particular had re-emerged in control mice, the ability of these cells to produce IFN-␥ was still significantly impaired compared with that in their counterparts in single-epitope DNA-vaccinated mice. This difference in quality was particularly evident if we investigated the ability of LCMV-specific, CD8
ϩ T cells to coproduce IFN-␥ and TNF-␣ in NP396 DNA-vaccinated mice and control mice 3 mo p.i. TNF-␣ production has previously been shown to be a good marker for fully functional memory CD8 ϩ T cells (41, 42) . As shown in Fig. 4D , a higher proportion of the IFN-␥-producing cells in NP396-vaccinated mice coproduced TNF-␣ compared with cells with similar specificity present in mice that had not been vaccinated before infection ( p Ͻ 0.02 for all epitopes). Thus, even at a time point when the infection is controlled in most mice, epitope-vaccinated as well as controls (Fig.  2) , CD8 ϩ memory T cells specific for the immunizing as well as other LCMV epitopes were functionally more differentiated in mice vaccinated with single-epitope constructs before viral challenge.
Single-epitope DNA vaccination protects against chronic infection and favors epitope spreading in H-2 d mice
The above results suggest that rapid virus clearance combined with the broad CD8 ϩ T cell response generated in single-epitope DNAvaccinated H-2 b mice protects against viral recrudescence. It is possible, therefore, that the existence of several immunodominant epitopes may be a requirement for the DNA vaccine to be protective. To test this hypothesis, the outcome of high dose LCMV clone 13 infection in single-epitope DNA-vaccinated H-2 d mice (BALB/c) was investigated. The antiviral CD8
ϩ T cell response in these mice is focused toward a single immunodominant epitope, the L d -restricted NP118 -126, and failure to generate an immune response to this epitope is known to severely impair virus control (43) . In addition, a subdominant K d -restricted epitope, gp283-291 exists, which during a transient immunizing infection only gives rise to a very small population of Ag-specific, CD8 ϩ T cells (44) . BALB/c mice were immunized with a vaccine encoding the NP118 -126 epitope covalently linked to h␤ 2 m (NP118 vaccine) and were subsequently infected i.v. with 10 6 PFU of LCMV clone 13. As shown in Fig. 5 , the protection pattern in single-epitopevaccinated and control (empty vector-vaccinated) BALB/c mice infected with LCMV clone 13 resembled that seen for similarly treated C57BL/6 mice (see Fig. 2 for comparison) . In control mice, virus persisted for Ͼ20 days and was in some cases still detectable 2-3 mo after infection. By contrast, NP118-vaccinated mice completely controlled the infection, and no re-emergence of virus was detected for up to 6 mo p.i. Again, this indicates that selection of viral escape mutants does not constitute a relevant problem.
The single-epitope-vaccinated, virus-infected BALB/c mice generated substantially more LCMV-specific, CD8
ϩ T cells compared with control mice (Fig. 6) . Thus, high frequencies of vaccine-specific, CD8
ϩ T cells could be detected in the early (days 10 and 20 p.i.) as well as the late (2-3 mo p.i.) phases of infection. Surprisingly, however, the CD8 ϩ T cell response in DNA-vaccinated BALB/c mice was not particularly focused toward the vaccine epitope. Thus, between days 10 and 20 p.i., a high frequency of CD8 ϩ T cells specific for the subdominant gp283-291 epitope 
CD8
ϩ T cells were in this case Ͻ0.3%. The mean and SD are depicted. ‫,ء‬ p Ͻ 0.05 relative to unvaccinated/vector-vaccinated mice (by Mann-Whitney rank-sum test).
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appeared, and this cell population persisted throughout a 6-mo observation period (Fig. 6 and data not shown). In contrast, gp283-291-specific, CD8
ϩ T cells could only be detected at very low levels in control mice throughout the 6-mo detection period ( Fig.  6 and data not shown). Notably, very few gp283-291-specific, CD8 ϩ T cells were generated during acute transient infection of unvaccinated mice (Fig. 6, inset) (44) . Thus, single-epitope DNA vaccination not only elicits a strong vaccine-specific antiviral CD8 ϩ T cell response, but also favors epitope spreading during protracted LCMV infection.
Single-epitope DNA vaccination protects against reinfections with viral variants
The above results suggest that although the immune response in single-epitope-vaccinated mice is focused toward the immunizing epitope, a sufficiently broad T cell response is generated upon viral challenge to prevent viral recrudescence due to escape variants. However, there are two uncertainties regarding this interpretation. First, we do not know whether escape variants are generated in sufficient numbers to present a real challenge, e.g., Abs might suffice to control viral variants mutated in the vaccine epitope (45, 46) . Secondly, it could be argued that viral challenge with a high dose of rapidly replicating virus allows the generation of a broader T cell response than would be seen under more normal circumstances; certainly, it could be argued that the immune response in clone 13-infected mice represents a special case.
To address these issues, a second type of experimental set-up was used. Single-epitope (gp33 or NP396)-vaccinated mice were infected i.v. with 10 4 PFU of the slowly replicating LCMV Arm and allowed to rest for 3 mo to become LCMV immune. For comparison, vector-vaccinated mice were similarly infected; these mice were included to represent LCMV-immune mice with an unperturbed CD8 ϩ T cell memory response. To evaluate the quality of the LCMV-specific immune response generated under these conditions, some mice were challenged i.c. with a relatively high dose (200 PFU Ϸ 1000 LD 50 in naive mice) of virus, representing an escape variant in the epitope used for DNA vaccination. Mortality was registered for a period of 14 days after challenge. The outcome of infection by the i.c. route is determined by a race between the virus and the CD8 ϩ T cell-mediated immune response: naive mice die from the extensive cell damage induced in the attempt to clear an infection that is already too extensive, whereas fully immune mice completely resist this challenge due to rapid CD8 ϩ T cell-mediated virus clearance and minimal cell damage (47) (48) (49) . Thus, the outcome of i.c. infection with known loss variants would immediately indicate whether a biologically relevant level of CD8 ϩ T cell-mediated protection against potential escape variants could be generated during viral infection of singleepitope-vaccinated mice. A summary of the results is listed in Table I. As expected, all LCMV-immune control mice were solidly immune and resisted i.c. challenge with either gp33-nil or NP396-nil. Also nine of 10 DNA-vaccinated mice survived i.c. infection with a viral variant mutated in the vaccine epitope.
In parallel experiments we studied the composition of the antiviral CD8 ϩ T cell response in the mice before secondary challenge with escape virus. This analysis provides detailed information regarding the epitope hierarchy needed to interpret the outcome of the challenge experiment. Single-epitope-and vector-vaccinated mice were infected with 10 4 PFU of LCMV Arm i.v. as described above, and CD8 ϩ T cell responses were analyzed 8 and 90 days p.i. (Fig. 7A) . Although frequencies of LCMV-specific, CD8
ϩ T cells were lower on day 90 p.i. compared with day 8 p.i., the overall picture was similar, consistent with the idea that the memory response reflects initial clonal burst size (50) . Thus, as expected, higher frequencies of CD8 ϩ T cells specific for the vaccine epitope were found in vaccinated mice 8 days and 3 mo p.i. (Fig. 7B) . However, single-epitope DNA-vaccinated mice did not appear to have a dramatically impaired response to the other epitopes in either the early or the late phase of infection. Thus, the frequency of CD8 ϩ T cells specific for the other immunodominant epitopes was only marginally lower in singleepitope-vaccinated mice compared with that in mice with an unperturbed LCMV-specific memory repertoire. A reduced response to the subdominant gp276 -286 epitope was observed, but this was a consistent finding only in gp33-vaccinated mice. Single-epitope DNA vaccination thus does not substantially reduce the breadth of the normal antiviral immune response, which readily explains why singleepitope-vaccinated, LCMV-immune mice were well protected against i.c. challenge with CD8 ϩ T cell escape variants.
Discussion
The present study was undertaken to investigate the protective capacity of a monospecific, CD8 ϩ T cell memory response induced by single-epitope DNA vaccination, with special focus on the potential risk associated with induction of a narrow immune response. At the level of the individual host, single-epitope DNA vaccination may select for viral CD8 ϩ T cell escape variants during chronic conditions due to the narrow immune response induced. Second, prior immunization targeted to a single dominant epitope may dramatically alter the dominance hierarchy upon subsequent viral infection, which may lead to increased susceptibility to reinfections with viral CD8 ϩ T cell escape variants circulating in a population. With regard to the first phenomenon, emergence of viral escape variants has been observed in several viral animal models after epitope vaccination (18, 21, 51) . In humans, generation of viral variants is a common phenomenon in HIV patients who have a highly focused CD8 ϩ T cell response (13, 14) , and viral CD8 ϩ T cell escape has also been observed in patients with chronic hepatitis B and C infection (52, 53) .
In H-2 b mice we found that single-epitope vaccination with either gp33 or NP396 vaccine, followed by high dose infection with the vicerotropic LCMV clone 13 led to rapid and sustained virus control, and this correlated with a strong and broadly reactive CD8 ϩ T cell response. Even though the response was dominated by CD8 ϩ T cells specific for the epitope encoded by the DNA vaccine, fully functional cells specific for the other immunodominant as well as at least one subdominant LCMV class I-restricted epitope were also generated in significant numbers. In contrast, control mice suffered a chronic infection, reflecting loss of CD8 ϩ T cell effector function evidenced by impaired or absent IFN-␥ production. Notably, NP396 -404-specific, CD8 ϩ T cells lost effector functions earlier and more completely than did gp33-41 and gp276 -286-specific cells in control mice during chronic conditions. This has been observed previously (28, 54) and probably explains why it was more difficult to maintain the NP396 -404-specific T cell population in gp33-vaccinated mice than to maintain the gp33-41-specific T cell population in NP396-vaccinated mice.
The generation of a broad CD8 ϩ T cell response combined with the rapid virus clearance may explain why we did not observe viral recrudescence in DNA-vaccinated, LCMV-infected mice. Thus, the virus has a limited time to mutate, and any potential viral variants that might be generated are rapidly controlled by the small, but significant, CD8 ϩ T cell responses to the other LCMV epitopes.
We were, in that respect, surprised to find that even NP118 DNA-vaccinated BALB/c mice completely controlled a high dose LCMV clone 13 infection with no indication of biologically relevant viral escape. Thus, in H-2 d mice only one immunodominant and one extremely subdominant CD8 ϩ T cell LCMV epitope is known, and selection of viral escape variants has previously been observed in NP118 -126 peptide-immunized mice infected with LCMV (21) . Flow cytometric analysis revealed that the antiviral CD8
ϩ T cell response in our single-epitope DNA-vaccinated a Mice were vaccinated twice 4 wk apart with gp33 vaccine (gp33), NP396 vaccine, or empty vector (vector) and infected with 10 4 PFU of LCMV Arm 3 wk later (1°infection); groups of vector-vaccinated mice were left uninfected to represent naive mice. All mice were infected i.c. with 200 PFU of either gp33-nil or NP396-nil 3 mo later (2°infection).
b Mortality was registered twice daily for 2 wk after i.c. challenge. BALB/c mice was not particularly focused toward the vaccine epitope as we would have expected. Thus, a substantial population of CD8 ϩ T cells specific for the subdominant gp283-291 epitope was likewise present in mice analyzed Ͼ20 days p.i. Notably, gp283-291-specific, CD8
ϩ T cells constituted Ͻ1% of the CD8 ϩ T cell population in control vaccinated counterparts as well as in LCMV-immune mice that had undergone a transient immunizing infection 40 days previously. Thus, single-epitope DNA vaccination not only protects against high dose infection and antiviral CD8 ϩ T cell failure, but also favors epitope spreading in H-2 d mice. The above findings are consistent with the hypothesis that the generation of a potent and broadly reactive CD8 ϩ T cell population is decided by a delicate balance between the initial CD8 ϩ T cell response and the viral load (42, 54) . In control mice infected with LCMV clone 13 (H-2 b and H-2 d ), the absence of primed LCMV-specific, CD8
ϩ T cells results in a high viral load, which subsequently leads to a progressive failure of the antiviral CD8 ϩ T cell response. In vaccinated mice, the initial monospecific, CD8 ϩ T cell response controls the high dose infection sufficiently fast to prevent exhaustion of the CD8 ϩ T cell response. The virus, however, is kept in the host long enough to prime for a broad antiviral CD8 ϩ T cell response. Thus, in H-2 b mice, a response to both the other dominant and at least one subdominant epitope is efficiently induced. In vaccinated H-2 d mice, virus is also cleared fast enough to prevent general CD8 ϩ T cell failure. This is obviously associated with a strong NP118 -126-specific response. However, because the virus infection is not immediately controlled, extensive expansion of CD8 ϩ T cells specific for the subdominant gp283-291 epitope is also observed. This is in contrast to the situation in unvaccinated H-2 d mice infected with a moderate dose of LCMV, where rapid virus clearance mediated by NP118 -126-specific, CD8
ϩ T cells apparently prevents efficient expansion of gp283-291-specific, CD8
ϩ T cells. Thus, the conditions for induction of a strong gp283-291-specific, CD8
ϩ T cell response appears to be very stringent: a sustained, high virus load exhausts this population, and rapid virus clearance prevents its expansion.
Our findings are somewhat at odds with those of other studies in different viral models. Several studies have shown that singleepitope vaccination selects for viral escape mutants during chronic infection (17, 18, 21, 55, 56) . These conflicting findings may in part be attributed to differences in mutation rates and escape mechanisms between viruses. Thus, for genetically stable viruses such as DNA viruses, our results clearly indicate that vaccination with a single epitope will suffice for induction of protective immunity. However, because LCMV is an RNA virus expressing considerable genetic instability (57), our results could suggest that singleepitope vaccination may also be a feasible approach for this category of viruses. In the latter case, viral escape strategies may play an important role, and clearly, virus-induced impairment of the immune system (e.g., HIV) will reduce the flexibility of the immune system and thus increase the likelihood that viral variants will escape immune-mediated control. Time is also a critical factor; the longer the virus stays in the host, the higher the chance for a relevant mutation. Because virus was cleared relatively fast in our model, fewer escape mutants may have had time to develop. Additionally, as indicated above, the strength of the vaccineprimed immune response seems to be a determining factor for the rate of virus clearance, which influences the composition of the antiviral CD8 ϩ T cell response that finally determines the outcome of infection. Our DNA vaccine seems to prime for a moderate response (between 0.05 and 0.12% vaccine-specific, CD8 ϩ T cells) (29) , which upon viral infection results in a delicate balance, leading to viral control as well as generation of a broad antiviral CD8 ϩ T cell response. This report also addresses a second issue, which needs to be considered before introducing single-epitope vaccination. The focused selection pressure toward a single epitope is likely to favor that escape variants, at some point, will become more prevalent, which will lead to vaccine failure. However, this is acceptable as long as it is not a frequently occurring event. Much more damaging is the possibility that vaccination might impair naturally induced immunity. This could happen if single-epitope vaccination leads to a skewed immunodominance hierarchy in hosts undergoing normal immunizing infection. Few studies have looked at the functional effects of this. However, findings from the LCMV as well as the influenza models suggest, that pre-existence of a monospecific, CD8 ϩ T cell response may affect the CD8 ϩ T cell memory response generated to subsequent viral infections by suppressing CD8 ϩ T cell responses to other immunogenic viral epitopes (22, 23) .
DNA vaccination followed by wild-type LCMV infection protected almost all mice against i.c. reinfection with high doses of escape variants. Thus, five of five NP396-vaccinated and four of five gp33-vaccinated mice survived a relatively high i.c. challenge dose, as did all LCMV-immune control mice. Notably, all surviving mice had cleared virus from the brain and had detectable LCMV-specific, CD8
ϩ T cell responses in the spleen (data not shown). This eliminates the possibility that mice survived as asymptomatic virus carriers; a phenomenon seen in T cell-deficient or anergic mice (58) . Taken together it indicates that mice in both groups have had a broad antiviral CD8 ϩ T cell response before i.c. challenge. This was indeed confirmed by analyzing the composition of the antiviral CD8 ϩ T cell response. Thus, DNA-vaccinated mice only developed a slightly skewed CD8 ϩ T cell response to wild-type LCMV infection in the acute as well as the memory phase of infection; only responses to the subdominant epitope were suppressed, and this was consistent only in gp33-vaccinated mice.
Previous studies have shown that prior immunization targeted to one immunodominant epitope can dramatically alter the immunodominance hierarchy upon subsequent viral infection (22, 23) . The reason that we get a different result may again be that our vaccine induces relatively moderate expansion of vaccine-specific cells (29) . Overall, this suggests that vaccines that elicit weak/moderate responses might actually be of benefit in some circumstances.
In conclusion, our study shows that single-epitope DNA vaccination has the ability to protect against potential escape mutants regardless of whether these mutants arise inside the host or are presented during subsequent challenge. A likely limiting factor for this vaccine strategy to work, however, is the mutation rate of the virus, which may explain why monospecific, CD8 ϩ T cell responses do not protect against rapidly mutating HIV infections (13, 14) .
